This work deals with right handed sneutrino as thermal cold dark matter candidate. This scalar emerges in a supersymmetric version of Higgs and Z masses. We then obtain that right handed sneutrino in this model must be heavier than 400 GeV to conform with Planck and LUX, simultaneously constraining the Z mass to be above 2400 GeV, which is in perfect agreement with LHC searches in a non-supersymmetric version of this model.
I. INTRODUCTION
The amount of missing mass in the universe, the so called dark matter, has been precisely determined after WMAP [1] and Planck [2] satellites. However, there seems to be no real appealing solution to this problem besides it being constituted of new neutral and stable particle(s) beyond those already known. Several facilities were aimed to detect it directly [3] [4] [5] [6] , mainly when it lies in the range of hundreds of GeV mass scale, characterizing what is known as a weakly interacting massive particle (WIMP) [7, 8] . The WIMP paradigm is so largely accepted because it miraculously fits to what is expected from a natural extension of the standard model of electroweak interactions (SM), realized close to its symmetry breaking scale, around 1 TeV, and whose interactions are sort of weak too, allowing for the observed abundance of cold dark matter (CDM). Concomitantly, there are strong reasons to believe that Supersymmetry (SUSY) may exist at very high energies and be broken close to the electroweak scale, being phenomenologically accessible at the Large Hadron Collider (LHC).
If SUSY is armed with R-parity symmetry for the component fields, R = (−1) 3(B−L)+2s , a discrete symmetry that may be a remnant of a U (1) B−L lepton-baryon number gauge symmetry, avoiding the proton decay, it simultaneously provides a stable supersymmetric particle with the right features to be a WIMP.
Among the neutral supersymmetric particles, sneutrino [9] [10] [11] as well as neutralino [7] are the two kinds of particles that may play the role of WIMPs. However, in the minimal supersymmetric standard model (MSSM), only neutralino is viable as CDM candidate because the left-handed sneutrino has a sizable coupling with the Z 0 boson and, consequently, either gives a small relic abundance or is excluded by direct CDM searches [3] [4] [5] [6] . It would be interesting to look for extensions of the MSSM that could accommodate both forms of WIMPs as viable CDM (not simultaneously though), augmenting the chances of describing it while conforming with phenomenological constraints over the model. In this direction, there is no other alternative unless to consider the scalar superpartner of the right-handed neutrino [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Instead of only adding a new singlet superfield to the MSSM to obtain the right handed sneutrino, we call on the supersymmetric version of a gauge extension of the SM, the SU (3) C × SU (3) L × U (1) X (3-3-1) gauge model that already possesses right-handed neutrinos as a natural ingredient of their particle content [24] [25] [26] . This class of model presents appealing features, one of them being the fact that a minimal of tree families are necessary in order to cancel anomalies, offering an explanation to the old family puzzle [27, 28] .
They also shed some light on the understanding of the quantization of electric charges [29] and provide a solution to the strong CP problem [30] [31] [32] , address the neutrino mass and oscillation pattern [33] [34] [35] [36] [37] , possesses neutral stuff that can be accommodated in a WIMP framework [38] [39] [40] [41] , can account for a possible extra radiation imprint on the Cosmic Microwave Background Radiation [42, 43] , among others. These features surely confer enough motivation that justifies the development of such class of gauge models and their supersymmetric versions 1 .
In this work we study the Higgs and the dark matter sector of the supersymmetric version of the 3-3-1 model with right-handed neutrinos (S331RHν 
II. THE MAIN INGREDIENTS OF THE MODEL
In the leptonic sector, the superfields of the three generations compose triplet and singlet representations according to the following transformation by the 3-3-1 symmetry,
where a = 1, 2, 3 represents the family index for the usual three generations of leptons. Observe that right-handed neutrinos are incorporated as the third component of a fundamental representation of SU (3) L for leptons, while the right-handed charged leptons are singlets under this symmetry..
In the Hadronic sector, the superfields of the third generation come in the triplet representation and the superfields of the other two are in anti-triplet representations of SU (3) L , as a requirement for anomaly cancellation. They are given by,
where α = 1, 2.
The scalars of the model, responsible for the spontaneously broken gauge symmetry, compose the following superfields,
whereη,χ ∼ (1, 3, −1/3) ,η ∼ (1, 3, 2/3), and,
whereη ,χ ∼ (1, 3
It is opportune to remark that the nonsupersymmetric version of this model demands a total of at least three scalar triplets in order to engender spontaneous symmetry breaking and describe fermion masses. The scalars that transform in the same way (η andχ, for example) have different neutral components developing vacuum expectation value (VEV) in a way that lepton number is conserved by the vacuum. This is the reason to have two such triplets. Considering this and given their quantum numbers, we are obliged to duplicate all the three scalar triplets associating opposite quantum numbers to them so as to cancel gauge anomalies, justifying the choice above.
For reasons of simplicity (and avoiding spontaneous lepton number violation), we assume that only the neutral scalars η 1 , η 1 , ρ, ρ , χ 2 and χ 2 develop nonzero VEV according to,
These VEVs lead to the following gauge symmetry breaking pattern,
With the breaking of the gauge symmetry by this set of VEVs the expected particles, including the supersymmetric ones, receive mass. What matter for us here are the scalars' and gauge bosons' masses. Concerning the gauge bosons, they are composed by the standard gauge bosons, γ, Z 0 and W ± , two new neutral massive gauge bosons Z and U 0 , and two simply charged gauge bosons V ± with the following mass expression,
χ with v χ lying in the TeV scale. On imposing the standard relation,
we obtain,
where θ W is the electroweak mixing angle. In addition, the mixing between the neutral gauge bosons is given by 2 ,
In order to work in the minimal scenario, we assume R-parity conservation and invariance by a Z 2 symmetry with the following superfields transforming nontrivially under
This set of symmetries allows us to work with a shortened superpotential that is formed by the following terms,
where α, β = 1, 2 and i, j, k = 1, 2, 3.
Until this point the masses of the ordinary particles are equal to the masses of their superpartners. As usual in phenomenological supersymmetric models, SUSY must be broken so as to provide a reasonable shift between ordinary particles and their supersymmetric partners. In this work we assume that SUSY is broken explicitly through the following set 2 Provided that the mixing among Z 0 and Z is very small [48] , we neglect such mixing throughout this work.
of soft breaking terms that are invariant under the symmetries assumed here,
where λ b G are the gluinos, λ b W are gauginos associated to SU (3) L (in both cases b is the gauge group index) and λ X is the gaugino associated to U (1) X , scalar supersymmetric partners of fermion fields, f , are denoted byf , while the remaining fields are self-evident.
Once we have settled the interactions and parameters of the S331RHν model, we are, then, ready to start the development of the main proposal of this work that is to check if the R-sneutrino of the model is a good CDM. But first we study the possible range of parameters that can explain the observed 125 GeV Higgs mass. This will constrain the parameters that will be used in the CDM analysis.
III. HIGGS MASS: NUMERICAL RESULTS
In this section we obtain the mass of the lightest CP-even neutral scalar provided by the model, which we assume is the Higgs boson. First of all we have to obtain the scalar potential which is composed by V = V F + V D + V sof t where V F and V D are the F-term and D-term, respectively, and V sof t comes from the soft SUSY breaking terms. With the potential in hand we are ready to obtain the minimum conditions over the potential which translate to a set of constraint equations,
, where φ i = φ i 0 means that all scalar fields are computed at their VEV. The squared mass matrix can then be built by taking
Finally, by applying the set of minimum conditions over the mass matrices and diagonalizing them we obtain the physical scalars of the model. Due to the complexity of V we are not showing the analytical expressions for
here, which are not illuminating at all. We then proceed with a numerical approach to diagonalize the mass matrices in question. For this we made use of a subroutine called jacobi [49] which composes the micrOMEGAs package [50, 51] . This is enough to develop the features of the model we are interested in.
The CP-even neutral scalar fields compose a 10 × 10 mass matrix. However, the neutral scalars η 2 , η 2 , χ 1 , χ 1 carry two units of lepton number and, as far as lepton number is conserved, they decouple from the other six neutral scalars. On diagonalizing the remaining 6 × 6 mass matrix we obtain six physical CP-even neutral scalars. Two of them, which is combination mainly of χ 2 and χ 2 , are very heavy with mass at 3-3-1 scale, typically around few TeV. The other four, which are mainly combinations of η 1 η 1 , ρ and ρ , acquire masses at electroweak scale with the lightest of them being the Higgs. We refer to these four scalars as h (the Higgs boson), h , H and H .
In what follows we present the results only for the lightest CP-even scalar, the Higgs boson. For this we choose as independent parameters the following set of variables, where their range of values to be scanned in the numerical computation were fixed so as to guarantee the scalar potential stability,
while there is a constraint among some of the VEVs,
which comes from the known W ± mass.
From the numerical diagonalization of the 6 × 6 mass matrix we obtain that the lightest CP-even neutral scalar gains mass at tree level in the range from 80 GeV to 100 GeV. 
where m t is the top mass, v ew = 246 GeV is the standard electroweak VEV, X t is the soft trilinear coupling of the stops and M s ≡ (mt 1 mt 2 ) 1/2 is the SUSY scale (scale of superpartners masses) where mt is the stops' mass, that we suppose to be degenerated.
We add this one-loop contribution to the tree level Higgs mass and then perform the scan on the parameter space. Our results are shown in Fig. (1) . It is remarkable that the S331RHν model is able to yield a tree level Higgs mass around 100 GeV (the lightest blue in Fig. (1) GeV which is sufficient to alleviate the tension on the quantum corrections involving stops [53] . Another example is the extension of the MSSM with the superfileds triplets∆ 1 and∆ 2 .
In this case the cubic invariant terms λ 1Ĥu∆1Ĥu +λ 2Ĥd∆2Ĥd compose the superpotential of the model and provide robust tree level corrections to the Higgs mass [54] . In the particular case of 3-3-1 models, the Higgs sector usually involves three Higgs triplets. When this is the case, cubic invariant terms as f 1 and f 2 given in Eq. (17) compose the superpotential of the supersymmetric versions of these models. Consequently these terms will generate new corrections at tree level to the Higgs mass predicted by the MSSM. This was firstly perceived in [55] . Our numerical approach here is in agreement with such predictions.
Guaranteeing that our model recovers the observed Higgs boson mass, in the next section
we use the same set of parameters scan to examine ifν R is viable as CDM candidate.
IV. RELIC ABUNDANCE AND DIRECT DETECTION
In a SUSY model where R-parity is conserved, the lightest supersymmetric particle (LSP)
is the natural candidate for CDM [7, 8] . In the MSSM, the CDM may be a scalar, the superpartner of the left-handed neutrino,ν L , or a combination of Majorana fermionic superpartners of the scalars and the Z boson, the neutralinos. However, we already pointed out the reason whyν L is not a viable CDM candidate, and then the MSSM inevitably offers only neutralinos to play this role.
Nevertheless, extensions or variants of MSSM do allow sneutrinos as CDM, which happens when right handed neutrinos are somehow part of the field content to be supersymmetrized [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In this case, generally, a mixing among right handed and left handed sneutrino may be the LSP and constitute the CDM candidate.
In the S331RHν model, in addition toν L and neutralinos, we have a third possibility in the form of scalar right handed neutrino (or simply R-sneutrino),ν R , which emerges naturally in this model as the third component in the leptonic triplet of SU (3) L . Since the SU (2) L subgroup of SU (3) L contains the matter content of MSSM, the same conclusions over the CDM candidates derived there apply to theν L in our model. We are then left with neutralinos or R-sneutrino, which possibly can play the CDM role. Both were already investigated in a similar SUSY model with different scalar content and assumptions in Ref. [56, 57] .
Besides, their analysis on the R-sneutrino was taken considering it as self-interacting dark matter and cannot be compared with ours. There is a reasonable complication in our neutralino spectrum compared to the MSSM, which is related to the larger higgsino as well as gaugino spectrum of S331RHν model, as can be seen from Eqs. In what concernsν R , we stress that in the S331RHν model as well as in the MSSM neutrinos gain mass through effective operators. The gauge and discrete, Z 2 , symmetries assumed in this work allow for the following effective operators as source of neutrino masses, λ
where λ ν L and λ ν R are dimensionless parameters and Λ is a grand unification mass scale 4 .
Notice that the first effective operator engenders a mass term to the ν L , since only the scalar component, η 1 ofη develops VEV, while the second operator gives mass to ν R , in this case because only the χ 2 scalar component ofχ develops VEV. This implies that the left-handed neutrinos do not mix with the right-handed ones. Also, they are completely sterile in relation to the standard gauge boson interactions as they interact solely with the gauge bosons of the 3-3-1 symmetry, namely, V ± , Z and U 0 . These properties are inherited by R-sneutrinos and, consequently,ν R does not mix withν L too. Besides, the bridge between them and SM particles is made through Z and the scalars. All these features makeν R rather distinct from the usual MSSM extensions where R-sneutrino is the CDM candidate, justifying and further motivating our analysis ofν R in this context. Finally, it is important to say that, as far as we know, this is the first time thatν R is considered as a WIMP in the framework of S331RHν model. We compute its relic abundance and direct detection constraints in the following subsections.
A. Relic Abundance
It is well known that the relic abundance of a WIMP is directly related to its thermal averaged annihilation cross section at the time of freeze-out [7, 8] . Its decoupling is roughly determined when the interaction rate drops below the expansion rate of the universe. In order to obtain the WIMP's abundance we have to solve the Boltzmann equation,
which gives the evolution of the abundance of a generic species in the universe. In it Y is the relic abundance as function of the temperature, T , of the thermal bath, Y eq the thermal equilibrium abundance, g * is the effective number of degrees of freedom at thermal equilibrium, M p is the Plank mass. σv is the thermal averaged cross section for WIMP annihilation, with v the relative velocity between the annihilating particles. It is in this cross section that the particle physics modeling gets into the scene, and its expression can be written as [50, 51] ,
where g i is the number of degrees of freedom of the species involved, σ ij;kl the total crosssection for annihilation of a pair of particles with masses m i , m j into some SM particles (k, l)
of masses m k , m l , p ij is the momentum of incoming particles in their center of mass frame, with squared total energy, s, and the functions K 1 and K 2 are modified Bessel functions of first and second kind, respectively.
The relic density is obtained integrating from T = ∞ to T = T 0 , where T 0 is the temperature of the Universe today, precisely measured by the cosmic microwave backgraound radiation (CMBR) spectrum [1, 2] . It can be cast as [50, 51] ,
Given the large amount of interactions and mass diagonalization required in the model, an analytical approach to compute the relic abundance is unfeasible. Instead, we opt for a numerical computation using the codes: LanHEP [58] to generate the Feynman rules in an
CalcHEP [59] output to be called in micrOMEGAs [50, 51] . The micrOMEGAs code is very useful in computing the CDM abundance, including coannihilation. In addition, by means of CalcHEP, it allows us to calculate the CDM scattering cross section normalized to nucleon, so we can compare with exclusion plots given by recent direct detection experiments [3] [4] [5] [6] .
From now on, for simplicity, we will assume that right-handed neutrinos and sneutrinos are in a diagonal basis, and will consider that the lightest of the R-sneutrinos is our WIMP.
We start by presenting the main channels involved in the CDM annihilation cross section, where the relevant interactions are mediated by Higgs and Z , as can be seen in Fig. (2) . In the Fig. (3) we show the results of the R-sneutrino relic density. Observing the dips in the scatter plot presented in the left panel, one clearly recognizes the resonances, h, H, h , H and Z , whose masses are m h = 125 GeV, m H = 300 GeV, m h = m H = 1000 GeV and 2000 GeV < m Z < 4000 GeV, respectively (these phenomenological reasonable values for the heavier scalars were fixed for simplicity, although they could also be varied). In the right panel, we show the same results as the left panel but zoomed in the region in the vicinity of the relic density as observed by the Planck satellite [2] . In these plots, we have included the direct detection results provided by LUX [6] , which are going to be better explained in the next section. The gray region is excluded and the green region is allowed by LUX results. In addition, in order to provide the precise values of the parameters involved in the process, and the dominant channels in different DM mass regions, four benchmark points were included in all plots, given by the table I, all in agreement with the constraints mentioned before.
FIG. 3. Relic density versus WIMP mass. Right panel is an improvement in resolution around
the Planck bounds. The gray dots are ruled out by direct detection data. The green dots are in accordance with LUX bounds [6] , while the region enclosed by purple lines represents the Planck constraints (blue shaded region on the right panel) [2] .
In principle, we have four possible regions providing the correct abundance, where preferred WIMP mass is about 60 GeV 5 , 150 GeV, 500 GeV and between 1000 GeV and 2000 GeV. However, when we take into account the direct detection bounds we restrict this region just to about 500 GeV (scalar resonances) and between 1000 and 2000 GeV (Z resonance).
In the next section, we will detail the CDM scattering cross section to nucleon and show the results obtained for our model including the complementary CDM relic density.
B. Direct Detection
It is a well motivated hope that, generally, any possible CDM candidate may interact with the target nuclei (more specifically the nucleons) of the detectors. These interactions may be Benchmark Points axial, referred as spin-dependent interactions (SD), scalar and/or vector like, known as spinindependent interactions (SI). In our model, the principal channels providing considerable direct detection rates are given by Higgs particles and Z (see Fig. (4) ), meaning we have just SI interactions. The effective lagrangian for SI contributions is given by,
with the couplings α S q and α V q depending on the parameters of the model. The WIMPnucleus cross section that can be derived from this lagrangian is [50] ,
where µ N is the WIMP-nucleus reduced mass, Z is the number of protons and A is the number of nucleons. The function f p,n is the WIMP-nucleon amplitude that carries the particle physics model information which, for the proton, is given by 6 ,
where the coefficients f
where F 2 (E R ) is the nuclear form factor, E R is the nucleus recoil energy, v is the WIMP velocity, µ p,n is the WIMP-nucleon reduced mass and σ p,n is given by,
For detailed steps leading to the cross section in Eq. (29) above we indicate Refs. [7, 50, 60] . blue points correspond to an abundance lower than needed to explain all CDM. All points above the yellow curve are excluded by direct detection from LUX [6] .
Once again, in order to perform the numerical computation and obtain the elastic scattering WIMP-nucleon cross section for the S331RHν model we use the numerical package micrOMEGAS [50, 51] . We present our results in Fig. (5 the following lower bound on theν R mass (mν R ≥ 400 GeV).
As our last result, we obtain the constraint coming from CDM observables on Z mass.
The results are presented in Fig. (6) . The gray points are ruled out by LUX [6] , while the green points lie in the allowed region of the parameter space. The blue points provide the observed values for CDM relic density from Planck [2] . As we can see, the LUX constraints on elastic WIMP-nucleon scattering cross section along with the correct relic density observed by Planck are able to establish a lower bound on Z mass, m Z 2400 GeV, compatible with a model independent analysis performed in Ref. [61] , as well as a particular 331 model with left handed neutrinos in the leptonic triplet [62] . Besides, this result is close to LHC constraints on a non SUSY 331 model with right handed neutrinos that impose Z mass to lie above M Z 2200 GeV [63] , which can be further investigated in the context of the S331RHν in future work.
V. CONCLUSIONS
We have built a SUSY version of the gauge by Plank [2] . The green region is in agreement with recent direct detection experiment LUX [6] and the gray region is excluded by it.
We also enjoyed the opportunity to investigate the right handed sneutrino,ν R , as a CDM candidate since the model has it for free in its particle multiplets. Theν R in this kind of gauge model was never studied as a WIMP, only scarcely the neutralinos were considered and in a rather different version of this model as a matter of fact [57] , although these are a little more intricate here as it involves a mixing of 15 neutral particles. Then, the S331RHν model offers two possibilities of WIMPs, but we concentrated on sneutrinos because it is simpler to handle than neutralinos, besides being a natural possibility in this model, not easy to attain in every SUSY model. We have computed its relic abundance, contrasted with Plank observed CDM density, and direct detection bounds from LUX experiment. We have analyzed a large portion of the parameter space, highlighting some benchmark points and our results have shown thatν R is a viable WIMP if its mass is above 400 GeV, which makes it a very interesting WIMP to be searched at LHC.
Finally, since the right handed sneutrino couples to a new neutral gauge bozon, Z , we pushed our CDM search to put some bounds on Z mass. Assuming thatν R is the only CDM component (or at least the one that corresponds to almost all CDM observed), the Planck results together with LUX exclusion plots allowed us to impose bound on the plane WIMP mass against Z mass, implying a lower bound M Z 2400 GeV, in consonance with existing bounds on the non-supersymmetric version of this model coming from LHC searches on Z .
All of this constitute interesting outcomes of this supersymmetric model that contains several theoretical features to be further explored, besides being phenomenologically testable at LHC, as well as current experiments on CDM direct and indirect detection, which we intend to explore soon. 
